The description and analysis of a stand-alone power system that exploits solar and wind energy is presented in this study. More specifically, the integrated system consists of a 10kW photovoltaic (PV) array and three wind generators rated at 1kW each. A lead-acid accumulator with nominal capacity of 3,000Ah/48V is used to absorb the short energy fluctuations and to regulate the operation and integrity of the system. Furthermore, the long-term needs are fulfilled via a hydrogen based system. Hydrogen is produced by a 4.2kW PEM electrolyzer and stored in cylinders under pressure for subsequent use in a 4kW PEM fuel cell. A diesel engine can also be used to provide power in cases of subsystems failure. In the present study the infrastructure of the control system is presented along with the algorithm for the automatic operation which is used to implement the power management strategy. Moreover, experimental results from the operation of each subsystem will be given and a discussion on them will take place. Finally, two operation strategies will be applied through an one-year simulation study, in order to identify their possible implementation in the real system that currently operates under a system operator either remotely or on site. 
INTRODUCTION
The use of renewable energy sources (RES) for the production of eco-friendly energy can contribute significantly to the reduction of greenhouse emissions and protect the environment from further deterioration. Renewable energy systems offer off-grid energy supply for various applications, such us electrification of rural areas that are not connected to the main grid, powering of telecommunication stations, desalination of water that requires large amounts of energy and water pumping for irrigation or drinking in Third World Countries. Stand-alone power systems have been studied in various levels in the literature both from a theoretical and experimental point of view. Modeling studies of stand-alone power systems, usually consider each subsystem as an individual part and the mathematical models that describe their operational behavior in steady-state or dynamic mode have been presented and analyzed in [Ulleberg Ø. 1998, Deshmukh S.S. and Boehm R.F. 2008] . The experience gained from the operation of different stand-alone power systems across the world [Lehman P.A. 1997 , Gazey R. et al. 2006 , is a valuable resource for the selection of proper operating policies of similar systems. Optimization strategies based on cost-minimization of the integrated system utilizing a short-term and a long-term storage system can be proved quite efficient [Dufo-López et al. 2007 ], while various proposed power management algorithms have been evaluated towards reliable power supply based on the developed mathematical models [Ghosh P.C. 2003 , Ipsakis D. et al. 2008a . However, a complete work that will cover all the important topics in the operation and analysis of a standalone power system (simulation, operation strategies, automation and real-time operation) is yet to be published. Thus, in this study the control architecture and the integrated infrastructure is presented along with the algorithm of the automatic operation. Moreover, the experimental results from the operation of each subsystem in certain time periods will be given, while two operation strategies will be applied via an one-year simulation study and important variables will be calculated and discussed.
IMPLEMETATION OF THE CONTROL SYSTEM AND THE INTEGRATED INFRASTRUCTURE
Designing a flexible control architecture is one of the key factors to enable interoperability, extensibility and automated operation. Furthermore there is a need to integrate different devices into one central control system. The choice of the communication protocol is dictated by the device manufacturer and as a result various network protocols were used in the power system. These devices use common or industrial communications protocols like RS-232C, Ethernet or Controller Area Network (CAN). Also to transmit data from the field to the central master control unit which is a Supervisory Control and Data Acquisition (SCADA) system, a distributed Profibus network was used. The fuel cell, the electrolyzer and the DC/DC converter use CAN protocol to communicate with the SCADA system, while the DC/AC inverters use common serial protocols which are transformed and encapsulated through a serial bridge server into TCP/IP packets. All these different protocols are translated into an OPC based format due to homogeneity reasons. The implementation of such architecture creates a uniform centralized environment for the SCADA system which is designed to collect, process and distribute real-time data with flexibility and scalability. The schematic representation and the interconnection of the devices are presented in The utilization of the aforementioned infrastructure enables the study of the effect that the power management strategies have to the real system. An important issue is the ability to develop flexible automated algorithms for the implementation of these strategies.
A model based optimization technique is utilized to evaluate the batteries state of charge (SOC) that has to be maintained for continuous operation of the system. Based on the battery model the SOC levels that are needed for the operation strategies described below are related to battery voltage levels. These levels direct the operational decisions on the closed system level. Based on these levels the system initializes the appropriate procedure is order to fulfil the electrical power (or load) demand. The electrolyzer system is used when there is an excess of energy and the SOC is maintained at the desired level. In case of energy shortage the system uses the stored hydrogen in order to serve the load demand through the use of the fuel cell and the batteries. The voltage level is translated into voltage decisions and consequently is used to start or stop the electrolyzer and the fuel cell system as presented in the control algorithm presented in Fig 2 this algorithm takes into account the hysteresis band method [Ipsakis D. et al, 2008,b] which is explained further in section 4. 
EXPERIMENTAL RESULTS FROM THE SUBSYSTEMS OPERATION
The operation results for the main subsystems of the standalone power system will be presented and discussed in this section. Fig.3 , presents the various subsystems along with the main idea of an operation strategy in stand-alone power systems. It is highlighted that only the PV-system, wind generators and lead-acid accumulator was in continuous operation, while the PEM electrolyzer and PEM fuel cell were tested irregular of excess or shortage of power in the system with the help of an operator either from distance or on site.
Fig.3
Schematic representation of the stand-alone power system in Neo Olvio, Xanthi, Greece [Ipsakis D. et al, 2008a,b] 3.1 Photovoltaic and wind generators system Fig. 4 shows the power output from the PV-system, the power demand of the utilities and the output power from the wind generators for an one-week period. The minimum and the maximum observed power are 0-7000kW (PV), 0-0.9kW (wind generators) and 0.4-1.7kW (utilities). As can be seen, the output power of the wind generators is too low due to low region wind speeds at that time period (March 2009) meaning that the load demand (utilities) was mainly met by the PVsystem. The installed photovoltaic system consists of 144 photovoltaic panels each one rated at 69.5W p resulting in a total capacity of 10kW p , while each wind generator is rated at 1kW p . During the period where the PV-system provides enough power for the stand-alone power system to operate, excess of power is available for charging the accumulator (its state-ofcharge is increased). After the sunset in the afternoon, shortage of power usually exists and the accumulator is discharged to meet the system energy demands.
PEM electrolyzer, PEM fuel cell and hydrogen storage system
The power level of the electrolyzer operation can be seen in Fig. 7 and is ranging from 780Watt to 2800Watt. The PEM electrolyzer is rated at 4.2kW p and the minimum and maximum power levels that is allowed to operate is 1050Watt (P min,elec ) and 4200Watt (P max,elec ), respectively. These levels have been provided by the manufacturer and correspond to the 25% and 100% of the nominal power of the electrolyzer, respectively. 8 shows the results from the hydrogen storage system that is used at the same time with the electrolyzer operation. The produced hydrogen is temporarily stored in a buffer tank until the pressure inside these tank reaches the limit of 7 barg (for the case of the current study this limit was lower ~5.5barg). Then, a compressor is used to deliver the hydrogen (its pressure is increased) to the final storage level of 15-20 barg. The buffer tank main purpose is the efficient compensation of fluctuations in the hydrogen production rate and allows energy savings. The capacity of the hydrogen storage is currently at 6m 3 /20bar which is equivalent to about 160 kWh. As has already been mentioned, the stored hydrogen is utilized in a PEM fuel cell for energy production in periods of energy deficit from the system. As can be seen from Fig. 9 , the PEM fuel cell was tested in various levels of output power ranging from 640Watt to 3840Watt. The storage pressure during the operation of the fuel cell is shown in Fig.  10 , where it can be seen the constant decrease due to the fuel cell hydrogen demand during its operation. The PEM fuel cell is rated at 4kW p . The water produced by the fuel cell is collected and subsequently utilized in the electrolyzer in an independent closed system. The water quality is monitored and as long as it is within the strict specifications needed for the operation of the PEM electrolyzer is fed for use. 
Power Conditioning Equipment
The backbone of the system is the DC busbar where all the subsystems are connected to. The interconnection of the various subsystems is achieved by power electronic converters as follows:
• 2 single-phase DC/AC inverters are used to connect the accumulator to the load.
• 2 single-phase inverters are used to provide a twophase supply for the electrolyzer.
• DC/DC and AC/DC converters are used to connect the PV-system and the wind generators, respectively.
• A DC/DC converter rated at 5kW is used to connect the fuel cell to the DC bus.
One advantage of the particular unit is the fact that it can be monitored through a remote place as long as Internet access is available. The user can make changes on key variables, such as the power supply of the PEM electrolyzer or the current drawn from the PEM fuel cell and monitor any changes. The data from the unit operation are recorded in a historian file where can be processed later. Figs.11 and 12 show a screenshot of the user interface of the integrated unit. 
OPERATION STRATEGIES AND CASE SCENARIOS
In this section a simulation based on different operating scenarios is presented. This simulation incorporated the control algorithm presented in section 2. The state-of-charge (SOC) of the accumulator is the main control variable that is used to regulate the energy flow within the system. It is given by:
where σ ac is the discharging rate of the accumulator %, η ac is the efficiency factor (~95%), Ι ac is the charging/discharging current in Α, and t is the time in hr.
In order to simulate the operation of the stand-alone power system, mathematical models are needed for all the involved subsystems. These models have been presented in [Ipsakis et al. 2008a, b] where details on various operation strategies (defined as power management strategies, PMS) were applied. As a progress of those, studies we present in the present study the same algorithms with the use of a diesel engine that will operate in cases of hydrogen deficit. Fig. 13 , shows the basic steps of the two operation strategies. In a nutshell, the algorithm first calculates the produced power by the RES section (PV and wind generators) and consequently the excess or shortage of power based on the load demand. Then, it "observes" the SOC of the accumulator and certain decisions are taken. Excess of power is used to charge the accumulator or produce hydrogen with the electrolyzer, while shortage of power is met by the accumulator, fuel cell or diesel engine. Which subsystem will operate depends on the SOC limits (energy flow control). A hysteresis band zone (SOC elec , SOC fc and SOC max_charge ) is used to protect the subsystems from irregular operation [Ipsakis et al. 2008a, b] . PMS1 defines the operation strategy where the accumulator does not support the electrolyzer operation (SOC elec =0), while in PMS2 (Fig.13) , the accumulator does support the hydrogen production. The algorithms require as input the meteorological data of the specified region (solar irradiation, wind speed and temperature), manufacturer data (e.g. number of panels, characteristics of the wind generator, operation limits) and initial values of the subsystem (e.g. SOC, hydrogen stored, load demand). For the present paper an one-year simulation study was performed and the initial data are: load demand is 1kW, SOC initial =92%, H 2 stored,initial =50 Nm 3 , fuel cell and diesel engine operation power is set at 1kW, SOC max =90%, the hysteresis band zone is 2%. The SOC min defines the depth of discharge of the accumulator and is a key design variable because it specifies the lifetime of the accumulator. Thus, three difeerent limit in SOC min are examined and discussion on the results of tables 1 and 2. Table 2 : Hydrogen values and operation cycles for an one year simulation study
As can be seen from the above tables, the decrease in the SOC min limit results in a decrease of the operation time of the electrolyzer, fuel cell and diesel engine, but the total accumulator time (charge and discharge time) is increased. At the same time it is observed that the total (final) hydrogen stored is increased, mainly because fuel cell time is reduced. The percentage of cycles is calculated by dividing the total number of charges and discharges (operation cycles) during the one-year simulation study by the nominal acceptable number of total charges and discharges during the accumulator lifetime [Ipsakis et al. 2008a, b] . Higher values of cycles (%) mean that the accumulator will be forced to be replaced early and thus, low SOC min should be avoided. Comparing PMS1 and PMS2 it is found that all the subsystems operate longer in PMS2 but as the SOC min decreases the hydrogen stored is higher than in PMS1. The cycles are the same for all cases indicating that despite the fact that the accumulator is used longer in PMS2 its cycles are not affected much as compared to PMS1. All in all, we could say that the PMS2 operation strategy is proposed for similar stand-alone power systems because the use of the accumulator to support the electrolyzer operation is an asset if the RES are not that high at certain time periods. Moreover, the hydrogen stored is considered satisfactory as it is always higher than its initial value. For future studies, we can say that the low SOC min limits result in higher hydrogen stored but the accumulator is forced to heavy utilization. Hence, optimization and design studies should be applied in those algorithms to identify the optimal values of the SOC limits. Moreover, the same studies can be conducted to identify over or under design that would results in increased operation and maintenance unit costs.
CONCLUSIONS
In this study, the subsystems of the stand-alone power system in operation in Neo Olvio in Xanthi, Greece, were presented and discussed. The various subsystems are gradually interconnected to each other and the next step is to have a reliable integrated system in operation and integrate the operation strategies described into the power management of the system. The hydrogen deficit during the year is an important issue that needs to be handle efficiently through extensive optimization & design studies. Moreover, the results of the integrated system will be used in control studies and the system control variables will be identified.
